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Infrared absorption from OH ™ ions adjacent to lithium acceptors
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An intense infrared absorption band has been observed in a hydrothermally grown ZnO crystal. At
12 K, the band peaks near 3577.3¢rand has a half width of 0.40 crh and at 300 K, the band
peaks at 3547 ci and has a half width of 41.3 cth This absorption band is highly polarized,

with its maximum intensity occurring when the electric field of the measuring light is parallel to the

c axis of the crystal. Photoinduced electron-paramagnetic-resonance experiments show that the
crystal contains lithium acceptofise., lithium ions occupying zinc sitgd ithium and OH ions are
present in the crystal because lithium carbonate, sodium hydroxide, and potassium hydroxide are
used as solvents during the hydrothermal growth. In the as-grown crystal, some of the lithium
acceptors will have an OHon located at an adjacent axial oxygen site serve as a passivajpr

and we assign the 3577.3-Chband observed at 12 K to these neutral complexes. Our results
illustrate the role of hydrogen as a charge compensator for singly ionized acceptors in Z2804©
American Institute of Physic§DOI: 10.1063/1.1806531

I. INTRODUCTION ously observed by Lavrdvin a hydrothermally grown ZnO
crystal and he suggested that it may represent a Ni-H com-

The role of hydrogen in zinc oxide continues to be aplex. Our results indicate that an alternative model is needed
subject of considerable interest. Recent first-principles calclbecause there is very little nickel present in our crystals. At
lations by Van de Walfe* strongly suggested that hydrogen 300 K, the infrared band we have studied shifts to 3547%cm
acts as a donor in ZnO. This theoretical work has prompted gand broadens. We believe that the absorption band described
series of experimental investigatiéﬁzsz of the behavior of in our present paper is the same as the room-temperature
hydrogen in ZnO using techniques such as electron paramagand previously reported by Seager and M%rsat
netic resonanc€EPR), electron-nuclear double resonance, 3546 cm! in hydrothermally grown crystals. These latter in-
infrared absorption spectroscopy, Raman backscatteringestigators postulated that their infrared band was due to a
spectroscopy, photoluminescence, temperature-dependeiiidrogen located in a bond-centered position between oxy-
HaII, deep-level transient spectroscopy, CathOdOlummESgen and zinc atomahus representing hydrogen as a dc)nor
cence, secondary-ion mass spectrometry, and Rutherfoighile allowing that the band might contain unresolved com-
backscattering/channeling. In some of these studies, ion inponents from some OHions having an acceptor replacing
plantation and exposure to hydrogen plasmas were used {Re zinc. Because this particular infrared absorption band has
incorporate hydrogen into bulk crystals. Hydrogen in ZnOngt been observed in ZnO crystals grown by techniques other
was also a focus of earlier studies. In the 1970s, EPR, infrathan hydrothermal, we propose a model that directly involves
red absorption, and conductivity experiments were cong specific acceptor impurity. EPR results show that neutral
ducted on crystals simultaneously doped with copper anglthjum acceptors can be photoinduced in our ZnO crystal
hydroger.>*° However, despite the significant attention be- (thus verifying that the hydrothermal growth process intro-
ing given to hydrogen, especially in the last several yearsguces significant amounts of lithigmand we assign the
the details of how this important impurity direCtIy affects the 3577.3-cm? infrared absorption band to a neutral Comp|ex
various electrical and optical properties of ZnO crystals argonsisting of a singly ionized lithium acceptor and an OH
not well established. ion on an adjacent oxygen site. An analogous Li—Qiefect

In the present paper, we describe the results of an infrahas been observed in MgO cryst&i€® An estimate of the

red absorption and EPR study of a hydrothermally grownconcentration of OH ions contributing to our 3577.3-cth
ZnO crystal. This growth technique is able to produce largepand is made.

high-quality single crystal%? We have characterized an in-
tense OH absorption line, present in the as-grown material,
that peaks near 3577.3 chat 12 K. This band was previ- Il. EXPERIMENTAL DETAILS

The bulk ZnO sample used in the present study was cut
dElectronic mail: larry.halliburton@mail.wvu.edu from the +c region of a boule grown by the hydrothermal
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FIG. 1. Infrared absorption spectrum from a hydrothermally grown ZnO

crystal, taken at 12 K using a polarizer. The electric field of the measuring-IG. 2. Temperature dependence of the peak position of the dominant OH
light was oriented parallel to the axis (Elic). The peak of the OHband band in a hydrothermally grown ZnO crystal.

occurs at 3577.3 cm. This band cannot be observed when the polarizer is

rotated toE L c. . .
our samples when the polarizer was rotated @0ds making

the electric field of the polarized incident light perpendicular
to the c axig). Nor could it be observed in separate experi-
ments where the polarizer was removed from the spectrom-
eter and the measuring light propagated alongctlais of
plate, the initial fluid fill was 80%, and the solvefite., tsr;em%?é?gﬂt S;?i;;%?ﬁ;:gs\?vf;f gigﬁgldie(;?sgcr)\(/)esdélr: our
mineralizey was 3\/I' NaOH, ]M KOH, af‘d 0.3 Li,CO;. that has been assigned toens’’ and a weak signal near
The temperatures in the nutrient and in the growth Z0N€9540 enil that has been assigned to?Nions %2 The N7+
were 355 and 345°C, respectively, and the growth rate alongignal was approximately 440 times smaller than the
the +c axis was approximately 0.2 mm/day. 3577 3-cnit band

A small sample, with approximate dimensions of 4.5 . .
; : : As the temperature increased, the peak position of our
X 3.4x 2.9 mn¥, was used in the infrared absorption and . . ' .
dominant infrared absorption band shifted to lower fre-

EPR experiments. The absorption data were taken with %uency. This effect is shown in Fig. 2, where the peak posi-

ThermoNicolet Nexus 870 Fourier-transform infrared SPeCion is plotted as a function of the temperature. The peak

trometer (using a KBr beamsplitter and a cooled HngTepositiorl shifts from 35773 cih at 12 K to 3547 cmt at

detectoy. A ZnSe W|re-gr|q polgr|z§r from Molectron 300 K. A significant broadening of the band also occurs as
(Model IGP-229 was placed in the incident beam path. The o o
EPR data were obtained using a Bruker EMX s ectrometethe temperature is increased. These results are shown in Fig.

. 9 pect é, where the width broadens from 0.40¢mat 12 K to
operating near 9.45 GHz. Oxford Instruments helium-gas
flow systems were used to control the sample temperature in
both the absorption and EPR experiments. A cw helium-
cadmium laseroperating at 442 ninwas used to produce
the paramagnetici.e., neutral charge state of the lithium
acceptors for the EPR studies.

method® at the Air Force Research Laboratofilanscom
AFB, MA). A welded platinum cylinder with an inside diam-
eter of approximately 4.4 cm and a volume of 500°cnas
held in a larger autoclave. The seed crystal wa@®@01)
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Ill. RESULTS

Figure 1 shows the intense infrared absorption band oc-
curring at 3577.3 cit in our hydrothermally grown ZnO
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crystal. These data were taken at 12 K with the electric field .°
of the polarized incident light oriented parallel to tbexis o
of the crystal. The sample thickneése., the optical path 0 0e®’
length) was 4.5 mm. The width of the lineneasured at the | | . | |
- . . . _1 . . L 1 L L L 1
half-maximum pointsis 0.40 cm~, which we note is near 50 100 150 200 250 300

the 0.125-crit! instrument resolution of our spectrometer. In
addition to a very large intensity, the most unique feature of

the infrared gbsprption band at 3577.37¢nis its hig_h de- _FIG. 3. Temperature dependence of the width of the ®&hd(measured at
gree of polarization. We were unable to observe this band ifthe half-maximum points

Temperature (K)
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As reported by Schirmer, the neutral lithium acceptor
has the hole localized on only one of its four adjacent oxygen
ions instead of being shared nearly equally by these four

neighboring anions. This gives rise to two distifict., very
J similar but slightly different neutral lithium acceptors.

When the hole resides on one of the three neighboring oxy-
gen ions located in the basal plane, the resulting neutral ac-
ceptor is referred to as a “nonaxial” lithium center. These

nonaxial centers form a set of three crystallographically
equivalent but magnetically inequivalent centers because of
the three possible sites for the hole relative to the lithium.
The fourth oxygen ion neighboring the lithium has a slightly
TSN NN Y S Y S N T S S S S different bond length from the other three oxygens. When the
3328 3338 3348 hole resides on this oxygdtocated along the axis relative
Magnetic Field (Gauss) to the lithium ion, the resulting neutral acceptor is referred
to as an “axial’ lithium center. Schirm&rhas shown that the
FIG. 4. EPR spectrum of the axial neutral lithium acceptor. These data Wer%round—state energies of the axial and nonaxial lithium cen-
taken at 40 K during exposure to 442-nm laser light. The magnetic field wa . . . .
perpendicular to the axis. ers differ by 15 meV, with the axial form being the lowest
in energy. The EPR spectrum shown in Fig. 4 represents the
axial neutral lithium acceptors. Earlier donor-acceptor-pair
41.3 cm* at 300 K. The data in Figs. 2 and 3 were takenrecombination and thermoluminescence experiments that
with the polarizer oriented such that the electric field of themonitored the lithium-associated yellow emission provided
incident light was parallel to the axis. Because of the evidence that the large lattice relaxation accompanying the
broadening, this infrared absorption band is not expected ttpcalization of the hole on a single oxygen neighbor makes
be easily seen at room temperature in ZnO crystals. lithium a deep acceptor in ZntJ~**The ionization energy of
A series of EPR experiments provided additional infor-the lithium acceptor in ZnO is estimated to be between 600
mation about the point defects present in our hydrothermallyand 800 meV.
grown ZnO crystal. Relatively strong EPR spectra from*Fe
Mn?*, and C&* ions were observed near 40 K in the as-
grown crystaﬁ3‘35The combined concentrations of these im-

puriies was estimated from EPR to be approximately  The ow-temperature infrared absorption band we have
1-2 ppm. A weak EPR signal from Niions® was also  gpserved at 3577.3 cthrepresents the fundamental stretch-
observed at low temperatuieepresenting a concentration ing vipration of an OH ion. Direct evidence for this assign-
less than 0.02 ppm A signal atg=1.96 due to shallow ment has been provided by LavrbvHe produced the low-
donors”*® was small, but easily seen, in our crystal, thustemperature ODversion of this band at 2644.4 cfnduring
indicating that it was electricallyn type. A value of 2 3 deuterium-plasma treatment of a hydrothermally grown
X 10" cm™® was obtained for the room-temperature Hall crystal. We also note that the peak position of 3577.3%m
electron carrier concentration. very near the experimental value of 3555.6 ¢mbtained
Photoinduced EPR experiments were also performed ofor a free OH ion using high-precision gas phase
our hydrothermally grown crystal. When the crystal was eX-spectroscopi‘/? In general, it is very common to observe
posed to 442-nm light at 40 K, an EPR signal due to theOH" ions in oxide crystals, and a recent review of this sub-
neutral lithium acceptors appeared. This “light-on” spectrumject has been provided by Wohlecke and Kov&c3hey
taken at 40 K with the magnetic field oriented perpendiculardiscuss the isotope, anharmonic, temperature, and polariza-
to the c axis, is shown in Fig. 4. The four-line hyperfine tion effects found in these vibrating systems, and they de-
pattern is due to the interaction between the unpaired spiscribe specific models associated with Oidns in various
and the'Li nucleus(1=3/2, 92.5% abundait We estimate  oxide compounds. A comprehensive review of hydrogen in
that the concentration of the photoinduced neutral lithiumnonoxide crystalline semiconductors has been provided by
acceptors in our crystal was approximately X.B0® cm™3.  Peartonet al*®
An increase in the shallow donor EPR signal and a decrease The infrared absorption band we describe in the present
in the F€* EPR signal were observed to coincide with the paper has been previously observed by La¥tat 10 K and
production of the neutral lithium acceptors, thus indicatingby Seager and Myetsat room temperature. In both of those
that electrons were being temporarily trapped in the form otases, as well as our own, the crystals were grown by the
neutral shallow donors and as?éons. It is important to  hydrothermal technique. Thus far, this band has not been
note that even though the neutral lithium acceptor may b@bserved in crystals grown by other techniques. Latfrov
present at lower temperatures during and after optical excisuggested that the band was due to a Ni=@bmplex, but
tation, its EPR spectrum cannot be easily observed at tenwe find very little nickel in our samplegs.e., we could barely
peratures below 30-40 K because of the severe microwawgetect the Ni* absorption near 4240 cif). Seager and
saturation effects resulting from the extremely long spin-Myers™ proposed that the band was due to a hydrogen lo-
lattice relaxation times at the lower temperatures. cated in a bond-centered position between oxygen and zinc

IV. DISCUSSION
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c complex in the ZnO lattice. The primary experimental obser-
vations to be taken into account when constructing a model
are (1) the alignment of the vibrating electric dipole along
thec direction and2) a peak position very near that of a free

® OH™ ion. When looking along the axis in the wurtzite

Oxygen structure, one sees repeating anion-cation pairs. For example,
each zinc ion has two adjacervaxis oxygen ions as neigh-

H* O bors, one a close bonding oxygen and the other a more dis-
' Zinc tant nonbonding oxygen. The lithium substitutes for a zinc in
&y each of our models. In Fig.(&), we place the proton in an

OH™ ion located at the lithium’s nearest nonbonding oxygen
site, with the proton facing the lithium. In Fig(y, we place
a) b) c) the proton in an OH ion located at the lithium’s bonding
oxygen site, with the proton extending out opposite the
FIG. 5. Possible models for the lithium-associated O¢h in hydrother-  ithium. In the models illustrated in Figs(& and %b), only
mally grown ZnO. In each case, the lithium ion occupies a zinc&@elhe  gmga|| amounts of lattice distortion are expected because, to
OH ion is on the nearest axial nonbonding oxygen site with the protonf. d h . . itial L ! f
facing the lithium.(b) The OH ion is on the nearest axial bonding oxygen Irst order, the proton occuplgs an interstitia . p95|t|qn. O
site with the proton extending out opposite the lithiui). The proton oc-  these two models, the proton is closer to the lithium in Fig.
cupies a bond-center position immediately adjacent to the lithium. An ex5(ag) than in Fig. %b). In the absence of lattice distortion,
pected lattice distortion of the lithium is not shown in this last model. these distances are about 2.26 and 2.95 A respectively, if an
OH" bond length of 0.96 A is assumed. Thus, the model in

atoms(similar to the BG configuration in the calculations of Fi9- @& appears to be a better candidate than the model in

Van de Wallé). However, this describes a general defect that 19- Sb) for the 3577.3-cm* band observed in the hydro-
would be expected to be present in all ZnO crystals containtN€mally grown ZnO. In general, the interstitial proton
ing hydrogen instead of only those grown hydrothermally.WOUId like to be close to the substitutional lithium because of
Seager and Myet? also suggested that the observed bandN€ir €lectrostatic attraction. _

could be due to a slightly different model in which the zincis __ " Fig- X©), the proton is placed in the bond-center po-

replaced by an acceptor. We agree with this focus on acceﬁ-ition between the lithium and its bonding oxygen. Although

tors and offer a model that is specific to hydrothermallynOt depicted in the figure, this model will experience a severe
grown crystals and, by extension, to crystals that may hav@ttice distortion, as illustrated in the earlier calculations of
L] 1 l7 . .
been doped with lithium and hydrogen during the growthvan de Wallé'’ (performed for the case when zinc is present
itself or during postgrowth-diffusion treatments. instead of lithium. Based on those calculations, we expect
Lithium ions are present in large concentrations in nearlynat the lithium will move away from the proton and assume
all hydrothermally grown ZnO crystals because of the use oft Position along the axis near the plane of its remaining
lithium-containing compounds as solvents during growth. Athre(_a oxygen nel_gh_bors. Without detallc_ed calculations that
portion of these ions are isolated singly ionized lithium ac-€XPlicitly include lithium, we cannot predict whether the de-
ceptors(in ionic terms, this is a Liion replacing a Z#" ion fect configuration in Fig. &) or Fig. T':(a) wlll have_the lower
with no local charge compensation and, in semiconducto?nefgy' We note that the calculations in the literature thus
terms, this is an A centey. The photoinduced EPR data in far,’ for zinc instead of lithium, favor the bond-center posi-
Fig. 4 verifies that these isolated lithium ions are initially o N Fig. XC). _ ,
present in our crystal and that they can be converted to ney- AN estimate of the concentration of the Okbns con-

tral lithium acceptors at low temperature by trapping a holelfiPuting to the 3577.3-ct band shown in Fig. 1 can be

Other lithium ions in the as-grown crystal will have an adja-Made. This requires a knowledge of the oscillator strength
cent OH ion and, thus, will not form the paramagnetic neu-associated with the  OH vibrational transition. - Early
tral acceptors under illumination. These protons enter th@red|c3t|on§ of this oscillator strength ranged from 1.2
lattice during the hydrothermal growtlither as OH ions, <10 to 3.8X10°% Klauer et al,™ in a comprehensive

hydrogen atoms, or ¥0 molecules and are attracted to the &nd very detailed analysis of theZOan§ in LINDG; crys-
singly ionized lithium acceptors. In ionic terms, the ipn (@IS, obtained a value of 17107 Taking a general ap-

has an effective negative charge relative to the latiiee, it proach,.these latter invgstigators expresseq their result as an
replaces a Z#t ion) and it electrostatically attracts the posi- 2°SOrption stre_nsgth per ion. The concentration of @dthisN
tively charged proton. The complex formed by the singly('n un_lts of cm™®) is then determined using the following
ionized lithium acceptor and the OHon on an adjacent €duation:
oxygen site i's'neutral, aqd, thus, is not ex.pected to show integrated area N (absorption strength per ibn (1)
electrical activity. We assign the 3577.3-Cninfrared ab-
sorption band to the OHion that participates in this The absorption strength per ion has units of cm and the in-
Li—OH™ complex. An analogous defect has been observed degrated area has units of ¢n If we use the value of
3430 cmt in bulk MgO crystals and assigned to an Oidn ~ 9.125(+1.369 X 10728 cm provided by Klaueret al*® for
adjacent to a lithium ion substituting for magnesitff’ the absorption strength per ion and a value of 6.9%for

In Fig. 5, we show possible models for the Li—-OH the integrated area of the absorption band in Fig. 1, we ob-

Downloaded 12 May 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



7172 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004

tain a concentratioN of 7.6X 107 cm™3. Given that our

values of the Hall electron carrier concentration and thelzg

photoinduced neutral lithium concentratigitom EPR are
both in the low 18°>-cm3 range, this result foN shows that
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